Because this length scale greatly exceeds the distance between stereocilia, viscous forces can couple all motions within a hair bundle. On the other hand, the pivotal stiffness of individual stereocilia rootlets opposes deflection. Together, viscous forces in the endolymph, elastic forces in the stereociliary pivots and links, and (at high frequencies) inertial forces associated with the liquid and stereocilia masses determine all the motions within a bundle.
Although stereociliary motion can be measured directly with an interferometer (Supplementary Information section 1), a qualitative appreciation of the liquidʼs movement can be obtained from the associated drag. When a fluid moves between nearby cylinders with axes perpendicular to the flow, the drag on each cylinder exceeds that on an identical cylinder placed alone in a flow with the same average velocity. At a
Reynolds number well below one, this effect is strong and long-range 6, 7 . At low frequencies, the viscous force is small and only the stimulated kinocilium and its tightly joined next neighbours move (Fig. 1a) .
The associated drag coefficient is about 5,000 nN·s·m -1 (Fig. 1b inset) , a value in agreement with the result obtained with the scaled dynamical model. Because frictional forces increase linearly with frequency whereas elastic coupling remains constant for a given displacement, hydrodynamic coupling progressively entrains the whole hair bundle at higher frequencies (Fig. 1a) . As the squeezing modes subside, the drag 6 coefficient per stereocilium decreases, dropping by two orders of magnitude by 100 Hz (Fig. 1b) . Above that frequency the entire bundle moves as a unit (Fig. 1a) .
Exciting the hair bundle and recording the linear responses at its opposite edges allowed us to compute the coherence of motion, a quantity that could be directly compared with interferometric measurements 11 Adding to the model tip links with a stiffness of 1 mN·m -1 , rather than top connectors, introduces some elastic coupling between the stereocilia of a given column ( Fig. 1c and Supplementary Movie 3), but this coupling is inefficient. For low frequencies at which hydrodynamic coupling is weak, only the excited column moves significantly. Moreover, because they are oriented obliquely, the tip links pull the stereocilia toward each other during positive deflections and allow them to separate during the complementary half-cycles. Both effects dramatically increase the drag, which originates almost entirely from the liquid within the hair bundle (Fig. 1b) . 7 Including both horizontal top connectors and tip links in the model increases the coherence for all frequencies below 5 kHz to 0.94 ( Fig. 1c and Supplementary Movie 4), a value comparable to the experimental measurement. This model displays a low drag coefficient of 85 nN·s·m -1 that changes little with frequency (Fig. 1b) , with the drag originating primarily from the external liquid but with some contribution from relative motions in the bundle, and a stiffness of 450 µN·m -1 (Fig. 1d) , similar to that reported for intact hair bundles 8, 15 . Note that at frequencies below 1 kHz the tip links strongly increase the hair bundle's drag, whereas the top connectors largely suppress this effect.
At higher frequencies, the liquid alone provides such a strong coupling that the tip links do not affect the drag significantly. This frequency-dependent transition between elastic and viscous regimes might explain why some high-frequency hair cells, in particular mammalian inner hair cells, apparently lack top connectors 16 .
We next explored the fluid-structure interactions in an analytically tractable and intrinsically stochastic model that allowed us to generate time series that could be Setting the elastic coupling to zero, we obtained a damping matrix with eigenvalues spanning about three orders of magnitude from the least damped collective modes to the most damped relative ones (Fig. 2a) . This analysis shows that drag values that are low and comparable to those measured experimentally arise only when the common modes predominate. We next simulated stereociliary motions that matched the experimental records in time resolution and computed the associated coherence, which exceeded 0.95 up to 5 kHz (Fig. 2b) . Changing the elastic coupling in the model revealed its importance at low frequencies, whereas viscous coupling intervened at higher frequencies.
These results show that the magnitude of the relative motion in a hair bundle depends on the balance between hydrodynamic and elastic forces. That hair bundles undergoing Brownian motion display a high coherence 11 indicates that the relative mode is very small, which makes it difficult to detect and quantify. We therefore devised an experiment in which hair bundles were stimulated at physiological amplitudes to evoke channel gating and cause intrinsic oscillations at the combination frequencies (Supplementary Information section 7). Because the gating of each mechanotransduction channel in a hair bundle changes the force in the associated tip link 17 , it must cause a relative motion of the interconnected stereocilia that is balanced by the frictional drag and elastic linkages. Blocking the distortion products at one edge of the hair bundle while measuring the relative motion at the opposite edge allowed us to isolate and quantify the amount of splay between adjacent stereocilia during small deflections, assess the forces at play, and compare the results with our model.
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In agreement with a previous report 18 , using a flexible glass probe attached to a hair bundle's tall edge to stimulate it at two frequencies evoked distortion products at several combination frequencies. These distortion products were robust at both edges of a hair bundle and disappeared when the tip links were disrupted by 1,2-bis(o-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid (BAPTA), confirming that the distortion was caused by the gating of mechanotransduction channels. We then used a stiff glass probe to stimulate the long edge of the hair bundle. The rigid probe in this key experiment prevented any internally generated motion from contaminating the signal at the tall edge, which therefore consisted purely of the two excitation frequencies. With this constraint, the distortion products were significant only at the free, short edge of the hair bundle (Fig. 3a) .
We related the distortion of the short-edge motion to the linear displacement by a power series. The inverse of the quadratic term of this fit was 0.14 ± 0.12 µm (n = 8) for the flexible probe and 1.6 ± 0.9 µm (n = 4) for the stiff probe. The distortions were therefore reduced to less than a tenth of their original value when the bundle's tall edge was forced to follow exactly the stimulus signal. The finite-element model with viscous coupling replicated this effect, with the top-connector stiffness determined independently from the other experimental data. The remaining distortions revealed that the relative movement between adjacent stereocilia was less than a nanometre, only a few times the size of a water molecule (Fig. 3a) .
To confirm further the correspondence between experiment and modelling, we tested the prediction that removal of the horizontal top connectors should diminish the 10 coherence (Fig. 1c) and increase the overall drag (Figs. 1b and 2a) . We placed hair bundles in a Ca 2+ -free, iso-osmotic solution of mannitol that has the same viscosity as saline solution but a lower ionic strength. This medium has been reported to remove the top connectors 19 , and we verified the treatmentʼs effect by transmission electron microscopy ( Supplementary Information section 8 ). After 20 min of treatment, the top connectors were overstretched or broken, but not entirely absent (data not shown).
Some elastic coupling thus persisted in mannitol. As our model predicted, the procedure decoupled the stereocilia and increased the drag, although quantitatively the effect was variable from cell to cell, presumably because of heterogeneity in the residual top connectors. For the same six cells in both conditions, the coherence between 100 Hz and 5 kHz declined from 0.96 ± 0.01 in perilymph to 0.83 ± 0.12 in mannitol (Fig. 3b) . At the same time, the drag coefficient in mannitol increased to 99 ± 63 nN·s·m -1 . Together with the close match between the coherence values in the experiment and in the models, this and the results above confirm the accuracy of the numerical models and indicate that they capture the essential physics of the fluid-structure interactions in a hair bundle.
In conclusion, because all stereocilia and the liquid between them move in unison over the whole auditory spectrum, with the relative motions apparent only on a subnanometre scale, most stereocilia inside the hair bundle are shielded from the external liquid and experience little viscous drag. Although viscous forces might be thought to impair sensitivity and frequency selectivity, the hair bundleʼs structure actually minimizes energy dissipation, making it easier for the active process to keep the ear tuned. The 11 tight clustering of stereocilia even transforms liquid viscosity into an asset by using it as a simple means of activating numerous mechanosensitive ion channels in concert. Supplementary Information is linked to the online version of the paper at www.nature.com/nature.
Methods Summary
The methods used in this study are described in the Supplementary Information. The hydrodynamic forces between stereocilia were estimated analytically by solving the Stefan-Reynolds equations under the lubrication approximation, which is valid when the gaps between adjacent stereocilia are much smaller than their diameter.
14 Stochastic simulations based on these results were performed for a system of linearly coupled dynamic variables, following a Langevin description with Gaussian white noise at room temperature. The integration procedure was validated by choosing time steps small enough to assure that the results were independent of the increment.
The robustness of our conclusions was investigated by a detailed parametervariation study. We tested the effects of inertia and of the estimated top-connecter stiffness and confirmed the validity of our conclusions for mammalian hair bundles.
Dual-beam differential interferometry was used to record stereociliary motions with sub-nanometre spatial and sub-millisecond temporal resolution. Fourier analysis of the records was performed with the multitaper method to obtain coherence spectra as well as stiffness and drag coefficients.
Distortion products were evoked by stimulating hair bundles with calibrated glass probes. These results were used to verify the predictions of the numerical model and to measure directly the relative mode of motion between stereocilia.
Transmission and scanning electron microscopy was performed by standard techniques with minor modifications. 
